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e Introduction to the Standard Model
— Review of the SU(2) x U(1) Electroweak theory
— Experimental status of the EW theory
— Constraints from Precision Measurements

* Theoretical problems with the Standard Model

* Beyond the SM

— Why are we sure there is physics BSM?
— What will the LHC and Tevatron tell us?



Lecture 1

e |ntroduction to the Standard Model
— Just the SU(2) x U(1) part of it....

e Some good references:

— Chris Quigg, Gauge Theories of the Strong, Weak,
and Electromagnetic Interactions

— Michael Peskin, An Introduction to Quantum Field
Theory

— Sally Dawson, Trieste lectures, hep-ph/9901280



Science Timeline

Tevatron LHC LHC Upgrade ILC

2007 2012




LLarge Hadron Collider (LHC)

 proton-proton collider
at CERN (2007)

e 14 TeV energy

— 7 mph slower than the
speed of light

— cf. 2TeV @ Fermilab
( 307 mph slower than
the speed of light)
e Typical energy of
quarks and gluons 1-2
TeV




LHC is Big....

 ATLAS is 100 meters underground, as deep
as Big Ben is tall

* The accelerator circumscribes 58 square
Kilometers, as Iarge as | the |sland of
Manhattan e




LHC Will Require Detectors of
Unprecedented Scale

e CMSis 12,000
tons (2 X’s
ATLAS)

e ATLAS has 8
times the volume
of CMS




What we know

The photon and gluon appear to be massless

The W and Z gauge bosons are heavy ELEMENTARY
PARTICLES

- M,=80.404 +0.030 GeV
- Mz=91.1875 £ 0.0021 GeV
There are 6 quarks

— Mt:172-5 +2.3 GeV ViZ
— M¢ >> all the other quark masses olulr WE

T?'l{'r (h‘-|1::.!1:]i:r..~|1'- 1:1 \IE{M

There appear to be 3 distinct neutrinos with
small but non-zero masses

The pattern of fermions appears to replicate
itself 3 times

— Why not more?



Abelian Higgs Model

Why are the W and Z boson masses non-zero?
U(1) gauge theory with single spin-1gauge field, A,

L= —%FWF‘”

F,=0A-0,A
U(1) local gauge invariance:
A, (X) = A, (X)—0,7(X)

Mass term for A would look like:

L= _% F., F* +%m2AﬂA"

Mass term violates local gauge invariance
We understand why Ma =0

Gauge invariance is guiding principle




Abelian Higgs Model, 2

e Add complex scalar field, ¢, with charge —e:

L :—%FWF‘” +[D, ¢ V()

e Where
D, =0,- ieAﬂ FW — a/A —aVAﬂ

V)=l + Al |

e L isinvariant under local U(1) transformations:

A, (X) = A, (x)—0,n(x)
p(x) — e "g(x)




Abelian Higgs Model, 3

e Casel:u?>0

— QED with Ma=0 and | 1 FFo +‘Dﬂ ¢‘2 V()
Me=H 4

— Unigue minimum at
(p:O D,U =5ﬂ —IEAﬂ

V(@) = 2l + 2 f

By convention, A >0



Abelian Higgs Model, 4

e Case2:u?<0
V() = |t + Ao f

e Minimum energy state at:

Vacuum breaks U(1) symmetry

Aside: What fixes sign (u?)?



Abelian Higgs Model, 5

_ 1 iz % and h are the 2 degrees of
* Rewrite  ¢= N (v+h) freedom of the complex
Higgs field
e L becomes: ; o ;
L= F P —evA 0"+ = A“Aﬂ+§(8#h8“h+2,u2h2)

%a#;(aﬂ;( + (h, y interactions)

e Theory now has:
— Photon of mass Ma=ev
— Scalar field h with mass-squared —2u? > 0
— Massless scalar field y (Goldstone Boson)



Abelian Higgs Model, 6

e \What about mixed y-A propagator?
— Remove by gauge transformation
1

A'UEA’u_e_Va’UZ

o v field disappears

— We say that it has been eaten to give the photon mass
— v Tield called Goldstone boson
— This is Abelian Higgs Mechanism

— This gauge (unitary) contains only physical particles

1 Loevt 1
L= TR P = A‘Aﬂ+§(8ﬂh8”h)—V(h)




Higgs Mechanism summarized

Spontaneous breaking of a gauge theory

by a non-zero VEV of a scalar field results in
the disappearance of a Goldstone boson and its
transformation into the longitudinal component
of a massive gauge boson




Gauge Invariance

What about gauge invariance? Choice above called unitarity
gauge

— No ¢ field
— Bad high energy behavior of A propagator
i k“Kk"
A‘”(k)__kz—lvl,f (gw— MAZJ

— R: gauges more convenient:
— Lge= (1/2&)(6HAH+§evX)2

L=-> Ay(— g0 + Kl—éjaﬂav —eZVZ)Aﬁ, +0,heh+ 24h?)

1 & o2
+=0 4oty —2e%
50,20 =28V L

2




More on R; gauges

Mass of Goldstone boson y depends on &

g=1: Feynman gauge with massive y
£=0: Landau gauge
E—>00: Unitarity gauge
1 Vv _j ) kK"
Gauge Boson, A \AAAAN kz—MiEQﬂ - fl\/IA( g)j
: i
H|g951 h e K2 _ Mﬁ

Goldstone Boson, y,or _______ - >
Faddeev-Popov ghost K*—SM




Non-Abelian Higgs Mechanism

 Vector fields A?,(x) and scalar fields @i(x) of SU(N) group
§ L, = (D*®")(D*®) -V (D),
V(D) = p*® D + A(DTD)?

b= .

"
e L is invariant under the non-Abelian symmetry:
¢, — (1_i77a7a)ij 9,
D,¢=(6,—igr*A%Jp
T, are group generators, a=1...N?-1 for SU(N)

For SU(2): t8=c2/2



Non-Abelian Higgs Mechanism, 2

* In exact analogy to the Abelian case
(D@ )(D“®) — ..+g°(c7¢"),(c7h) ALA™ +...

P>

>0 ()i () AAY

e 20 = Massive vector boson + Goldstone boson
e 2g=0 = Massless vector boson + massive scalar field



Non-Abelian Higgs Mechanism, 3

Consider SU(2) example Dy¢:[8ﬂ —ig%aAjjqﬁ

Suppose ¢ gets a VEV: ()~ 1 (0)
J2 v

2 l a O a {
Gauge boson mass term D, ¢ =§gz(o,v)z Tb[vjAﬂAb%

Using the property of group generators, {t?,tP}=520/2
Mass term for gauge bosons:

2, ,2

gv a pau
Ly = 2 A A¥

mass
8




Standard Model Synopsis

Group: %U(S)} x\SU(Z) X U(/l)

QCD  Electroweak

Gauge bosons:

- SU@): G, i=1...8
- SU(2): W,,i=1,2,3
- U(l): B,

Gauge couplings: g, 9, 0’
SU(2) Higgs doublet: ©



SM Higgs Mechanism

Standard Model includes complex Higgs SU(2) doublet

®:1(¢1+i¢2j:[§0+j
\/E ¢, +19, (PO
With SU(2) x U(1) invariant scalar potential
V =’ @O+ A(P*D)*  Invariant under d— - @
If u? < 0, then spontaneous symmetry breaking

Minimum of potential at: @)=L (Oj

V2

— Choice of minimum breaks gauge symmetry
— Why is p?< 0?

v



More on SM Higgs Mechanism

e Couple @ to SU(2) x U(1) gauge bosons (Wi+, 1=1,2,3; BY)

L, = (D“®)"(D*®) -V (D)
o ' Justify later: Y =1
D, =0, -7 oW ~i2-Y,B, ?

e (Gauge boson mass terms from:
(D,®)" D“® — ...+%(O,V)(QW;03 +9'B,)(gW o + g’B”)(Sj ...

2

V 4
N ...+§(g2(\Nj)2 + g2 (W2)? +(—gW3+g'B,) )+...



More on SM Higgs Mechanism

With massive gauge bosons:

_ Mw=gVv/2
W, * = (W“1$ WMZ) N2 M\ZN: \/(ng’Z)V /2

Z 0= (g W_.2-9g'B )/ (g*+g’?)

Orthogonal combination to Z is massless photon

A 0= (g7 W, 3+gB )/ V(g*+g™)

Mw=Mz cos Ow

Weak mixing angle defined

!

g - g
cos@, = sin@,, =
w /g2+g,2 w gz+g;2

Z = - sin 0,,B + cos6,, W?
A = cos 6,,B + sin6,, W3



More on SM Higgs Mechanism

Generate mass for W,Z using Higgs mechanism
— Higgs VEV breaks SU(2) x U(1)—>U(1)em
— Single Higgs doublet is minimal case

Just like Abelian Higgs model 1 Li%9 N
— Goldstone Bosons (D 2" V G @
Before spontaneous symmetry breaking:
— Massless Wi, B, Complex @

After spontaneous symmetry breaking:

— Massive W+Z; massless vy; physical Higgs boson h




Fermi Model

Current-current interaction of 4 fermions
Lecrm = _ZﬁGFJ;J g
Consider just leptonic current
J:)ept - ‘7e7/p[1_275 je—}_vu?/p(l_zyy) j/u +hc
Only left-handed fermions feel charged current weak
Interactions (maximal P violation)
This induces muon decay

o ~GZs G-=1.16637 X 10" GeV/2

)
M < e
This structure known

Ue i, .
since Fermi




Fermion Multiplet Structure

e ¥, couples to W= (cf Fermi theory)
— Put in SU(2) doublets with weak isospin 1,=+1
e Y, doesn’t couple to W+
— Put in SU(2) singlets with weak isospin 1,=0
o Fix weak hypercharge to get correct coupling to photon



Fermions in U(1) Theory

o Lagrangian is invariant under global U(1) symmetry

L=y, (10—-m;)y
e Gauge the symmetry by requiring a local symmetry,

n—->n(x) Qren

y —>e "y
o Local symmetry requires minimal substitution

0, —> D, +1QeA, (X)



Coupling Fermions to SU(2) x U(1) Gauge
Fields

* Interms of mass eigenstates

1 ' H gg, 3
D,=0,-I W,o"+W, o —| Z (g°c®—g'"°Y )-i Alc”+Y
e Wz (oo g o)
e Re-arrange couplings
Y +1 ’ e
Q=2 e=— D g=—
2 g°+g’ sin g,

D, =0,-i——W o +W o )-i—2>—Z (I, 2sin’ 4, )-ieQ,, A

em” ‘u




Now include Leptons

o Simplest case, include an SU(2) doublet of left-handed
leptons {VL _ % (175)1,}

Y = 1
€ 25(1_7/5)6

* Only right-handed electron, eg=(1+ys)e/2
— No right-handed neutrino

« Define weak hypercharge, Y, such that Qem=(l3+Y)/2
- Ye=-1
— YeR=-2

;=11

} To make charge come out right

*Standard Model has massless neutrinos—discovery of non-zero
neutrino mass evidence for physics beyond the SM



Leptons, 2

e By construction Isospin, I3, commutes with weak
hypercharge [l3,Y]=0

* Couple gauge fields to leptons W=

. . g’
Lleptons — eRIyy(aﬂ —1 ?YByjeR

1-ys
2

+¢Liyﬂ(aﬂ g2YB i gaiWi”j\PL
« Write in terms of charged and neutral currents

Ieptons

‘]eﬂm - _Qemeyﬂe

JH = _%(éﬁ/ﬂvl_)

1

™ (VLy“VL +e " [—1+ 2sin’ 4, ]eL +egr” [ZSin2 6, ]eR)

J5 =-

_1+y5

— (kinetic) + g(W, J** +W 3% +Z J#)+eA, I

Y em

W



After spontaneous symmetry breaking....

e Couplings to leptons fixed:
ee . +ie7/“— —ieQ,y*

veW ™ : —i— o -
5 /— ( 7/5)

vVZ*© —I%y/”(l—;/S)

~ | - g

ee/”: —1 “IR. (1+ +L (1-
4COS(9W7[8( 7/5) e( 75)]

Le: I3'2QemS| nZQW
Re:'ZQemSi HZGW




Higgs VEV Conserves Electric Charge

Y +1, 1 0 1 0
em — Yo = =
° 2 v (o 1) o0 (o —1)

1 (0
<‘D>:fz@




e Consid

Muon decay

* Fermi Theory: e EW Theory:
Vi H Vi u
W
e A ;Ve
€ Ve
. - - ig> 1 = - (1-
_IZﬁGFgﬂVUﬂyﬂ(l 27/5 juvyﬁveyv(lTys)ue Igz k2 —M?2 gﬂvuyyﬂ(T%juvﬂuvey T}/Sjue

For | k| << Mw, 2Y2Gr=g2/2My/?

For | k|>> My, o~1/E2




Higgs Parameters

e Gr measured precisely

Ge _ g° _ 1

vi=(/2G, )™ = (246GeV )?

2 em,? 2V

» Higgs potential has 2 free parameters, u?, A

V = 1’ + (D D)?

o Trade pu?, A for v, My?
My 2 My s
2V 8v

M,

V = h* + __h*

— Large My, —strong Higgs self-coupling
— A priori, Higgs mass can be anything

2 __H
21
M, % =2vi




Parameters of SU(2) x U(1) Sector

°* g,0,V, My= Trade for:

— 0=1/137.03599911(46) from (g-2)e and quantum Hall
effect

— Gg=1.16637(1) x 10> GeV-2 from muon lifetime
— Mz=91.1875+0.0021 GeV
— Plus masses



Decay widths trivial

o (Calculate decay widths from: f
MV - ff)=——|A° - ¢ /
2M, "' 87
— Z decays measured precisely at LEV;W\\ f
3
[(Z = vi7) = 162; '\%
[z >e'e) =Mz (r2,2)

127[«/5



Now Add Quarks to Standard Model

 Include color triplet quark doublet < =(ZJ I=1,2,3 for color
— Right handed quarks are SU(2) singlets, ur=(1+ys)u,

dR:(1+Y5)d
« With weak hypercharge
— YUR:4/3, YdR:-2/3, YQL:1/3

Qem=(I3+Y)/2

e Couplings of charged current to W and Z’s take the form:

g _
L = c0s 7" L, A=75)+R, 1+ 7z,

07" (L—75)dW, +dy*(1— y5)uW,; )

Livgg == 2\/’(

L, =1,+2Q,,sin* 4,
R, =2Q,,sin’ 4,




Fermions come In generations

HESAA
dL ’eL

Except for
masses, the
generations look
Identical




Need Complete Generations

o Complete generations needed for anomaly

cancellation Ve
- - 1 Ag
e Triangle diverges; grows with energy
N NI a1 Vi
27) K

 Anomaly independent of mass; depends only on gauge
properties T w0 zTr[nita, {tb’tc}]

m =%l for y q

Sensible theories can’t have anomalies




Anomalies, 2

e Standard Model Particles:

Particle SU(3) SU(2). U@y
(ug,dy) 3 2 1/3
Ur 3 1 -1/3
dr 3 1 1/3
(vi.eL) 1 2 -1

er 1 1 2

V=B, A=W, (SU(2) gauge bosons)

>T,Q., = NcNg(l)@J2 + NCNg(—l)(—%jZ +N, (-1)1)° =0
* N¢=3 is number of colors; Ny Is number of generations
* Anomaly cancellation requires complete generation



Gauge boson self-interactions

« Yang-Mills for gauge fields: Loy == W, W - 2B, B

W2 =0 W7 =0 W2 +ge™WW?
B, =0,B,-0,B,
 Interms of physical fields:

L, =+ 0,A —08,A, —ieW, W, W, W,

2

- Gy + +
-—0,2,-0,Z, + Ieg(WﬂWV -W, W)

2

— O, —OW," —ie(W, A —W,A,)+ ie%(w;zv ~W,Z,)

e Triple and quartic gauge boson couplings fundamental
prediction of model = Related to each other




Consider W*W'- pair production

Example: vv—>W*W- v( W)

_ e(k) | k=p-p*=p=q
» t-channel amplitude: .

; YA “wi(p)

A (W W W) =—i%v<q>w(1—y5>%yv - 7)u(P)e, (p e, (p7)

> In center-of-mass frame:

Vs
=7 00 s=(p+q)°
*%1’0’0’-1) t=k*=(p-p)’
p+=§(1,0,ﬂwsin0,ﬂw cos6) P 2\/1—4|\/|V%, /S
p- = %(1,0,—,BW sin 6,— /3, cos6)



W*W- pair production, 2

» Interesting physics is in the longitudinal W sector:

2

2
w

AW SWW) =i S v@k@pup)| e

» Use Dirac Equation: pu(p)=0

— [[A W W)

g 2GZs®sin’ 6’+O(

My,
s

N—

Grows with energy




W*W- pair production, 3

» SM has additional contribution from s-channel Z exchange

2

AV >WW™) =i 4(3? MZZ)V(q)y,,(l—ys)u(p)(g”” -

k“k”
M

j[gip(p‘ -p7), +9,(p"+K), -9, (p + k)z]sl(p*)e”(p‘)

» For longitudinal W’s

2

A (7 >W W) =i 4&2 v(@)(p* - p )(A-ys)u(p)

W

v(p) W (p)

Z(k) -
v(9) ) W(p)

2

A (W > W W, ) =i 4& V(Q)k(L+ y5)u(p)

2
W

Contributions which grow with

energy ca_ncel between t- and s- => | Depends on special form of 3-gauge
channel diagrams boson couplings




Feynman Rules for Gauge Boson Vertices

gWW;/ =€

Gy V(P P, D) Qs = ECOLY
wwz W

—>
Pz
)4

e p+‘/
V“V"(D* P, pP)=(P =P )9 +(p —p,)9” +(p,—P") 9"

N 's v v ov
/>< Gu (2079 = 979" =9%9”") |Gy, = €°
2

Oww,z =€ cotg,

2 2
Owwzz =€ cot ‘9W

ig2(297g* —g*'g* —g*g™)



No deviations from SM at LEP2

30 I ; l . I11x073200:; NO EVidence for NO”'SM
g LEP :
e e T 3 gauge boson vertices
b ‘ W= W
20 i
eyt ,
) AW .
10+ | (@) )
; YFSWW/RacoonWW - o
1 ; ....no ZWW vertex (Gentle) . - -
3" ....only v, exchange (Gentle) 1\%\—‘;(
o= —— E
160 180 200 N f e/\e+
\s (GeV) “ @

Contribution which grows
like m¢?s cancels between
Higgs diagram and others

LEP EWWG, hep-ex/0312023



What about fermion masses?

Fermion mass term: Forbidden by
L=mPY¥ =m(¥ ¥, + V¥, ) SU(2)xU(1) gauge
Left-handed fermions are SU(2) doublets u Invariance
QL= (dj
L

Scalar couplings to fermions:
L, =-1,Q,®d; +h.c.
Effective Higgs-fermion coupling
1 — 0
L, =-4,— (U, ,d d. +h.c.
i taaf,

2
Mass term for down quark:f

M /2

Y

Ay =—




Fermion Masses, 2

o M, from ®=1co®* (not allowed in SUSY)

(¢
(DC_(_¢] y) __I\/Iu\/E

: Vv

L=-1,Q,®.u, +hc

* For 3 generations, o, f=1,2,3 (flavor indices)

(v+h)
V2

L, =—

Y (Aucul + 27dedf )+he.
a,p




Fermion masses, 3

« Unitary matrices diagonalize mass matrices

u’ =uu™ d? =U0d™
ug =vV“ur’  dg =v7>dr”

— Yukawa couplings are diagonal in mass basis
— Neutral currents remain flavor diagonal

— Not necessarily true in models with extended Higgs
sectors

« Charged current:




Review of Higgs Couplings

Higgs couples to fermion mass

— Largest coupling is to heaviest fermion

m. - m; /- _
L:-Tf ffhz—Tf(fL fo+ o f,

v=246 GeV

— Top-Higgs coupling plays special role?
— No Higgs coupling to neutrinos
Higgs couples to gauge boson masses

gM, Z"Z h+..

L=gM,W “\N Th+—~
cosé,

2 GF 8M 2 e2

A

J2°0 " sin?g,

sin’ 8,

Only free parameter is nggs mass!

Everything is calculable...

testable theory




Review of Higgs Boson Feynman Rules

e Couplings to EW gauge bosons (V=W, Z): : ng_gs COUpleS to heavy
v v L particles

M2 A = M gy '
}___-H:m—v‘ig’" } =2579" « No tree level coupling to
' v . photons () or gluons (g)

e Eouplings to fermions (f =1, q): . Mh2:2V27\,:>|arge Mh iS StrOng
>____H= _ims coupling regime
; — My Is parameter which
* Self-couplings: ) ) separates perturbative/non-
Swe M N =3 perturbative regimes



Higgs Searches at LEP2

LEP2 searched for ete-——Zh

Rate turns on rapidly after threshold, peaks just above
threshold, o~B3/s

Measure recoil mass of Higgs; result independent of Higgs
decay pattern

— Pe.=Vs/2(1,0,0,1) |

~ P,,=Vs/2(1,0,0,-1) w
— PZ:(Ez, pz) &t oen
Momentum conservation:

- (Pe-"'|:)e+'|:)Z)2:|:)h2:Mh2

— §-2\s Ex+Mz2= M2
LEP2 limit, M,,> 114.1 GeV



Conclusion

 Standard Model consistent theory
— Well tested (see lectures 2&3)
— Theoretical i1ssues (see lectures 4&5)
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